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l;uturc NASA missions in astrophysics, Earth observation, and solar systcrn exploration that require optical communication,
optical and infrared imaging, or high precision astromctric  mcasurcmcnts  irnposc very stringent dcrnands for the dimensional
stability of precision structures and scicncc instrument components. Ilxamplcs of near-term missions with critical dimensional
stability issues include: the Cassini Imaging Scicncc Subsystcm (1SS) and the Space lnfrarcd Tclcscopc  (SIRTF).  I,ongcr range
mission plans call for even more stringent dimensional stability, J1’1, has identified twenty-six proposed missions with critical
dimensional stability rcquircrmcnts.

‘1’hc  objcctivc  of this paper is to identify the major mechanisms that influcncc the dimensional behavior of common
optomccbanical  materials, to identify the mcchrmisms  that arc important for the proposed missions with critical dimensional
stability rcquircmcnts,  and to cornparc  the mission rcquircnlcnts  with state-of-the-art material and mcasurcmcnt  technologies.
‘1’hc dimensional stability of many future space structures is cxpcctcd to bc achieved by a combination of stable rrmtcrials and
active controls, Active controls, however, do not eliminate the need for dimensionally stable materials. Active controls can
t[ansfcr the dimensional stability rcquircmcnts  from the structures to the mccbanical  clcmcnts  of tbc sensors of active controls.
Ultrahigh dimensional stability is then required for clcmcnts  of active systems that arc used to maintain the relative vertex
positions of rctrorcflcctors,  triangulation bases, Ronchi  rulings and sensor mounts, The rcquircmcnts  for the dimensional
stability of tbcsc clcmcnts  in some cases can bc stricter than 1A. “l’his paper discusses the tradeoffs of passive vs. acti~rc means
of achicvin.g the dimensional stability rcquircmcnts. The rcciuction of power consumption and mass, tbc reliability improvements
as a function of the dimensional stability of the structural materials for a typical intcrfcrornctcr  arc calculated.

Ncitbcr  the metrology nor the technology of dimensionally stable materials has been dcvclopcd to tbc lCVCI required for some
proposc(i NASA missions. Without the metrological capability, the undcrs[anding  of rll:ltcrit] ls-rclatcci  mechanisms fol
(Ii]] )c]lsionill  instability is not possib]c.  l,acking  this understanding, the design of stable structurcshnatcria]s  is gcncral]y  rcduccd
to costly [rial and error, A significant effort in the area of dimensionally stable matmials  is rcquircci to make the }Jroposcd
missions possible.
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l~uturc NASA missions will require a considcrahlc  improvcrncnt  in the dimensional stability (11S)  of materials anti structulcs.
CuIIcntly,  structures can bc nuicic passively stabic to about onc ppm to tens of ppb lCVCIS with rcfcrcncc to a A’I’s  IK or passag,e
of onc month’s time at room tcmpcraturc,  In addition, thermal cycling usually crcatcs instability greater than 0. I to 1 ppm strain
levels. Itvcn near-term missions and instruments such as the Cassini Imaging Scicncc Subsystcm (1SS) (att~clll]:iliz.ation  ]nctcring
rods) and the Space Infrared “1’clcscopc (SIR’1’1~)  (primary, secondary, and tertiary optics) cnconqmss scvc~a] critical ciimcnsional
stability issues, l’eta] strain allowable, pcr year of mission Iifc, is in the rang,c of 0.1 to 2 ppm for some comimncnts in these
illstr Lllllc:llts/f;i cilitics, I)imcllsioniil stability rcquircmcnts  of some missions ploposcd for tlm next I o to 15 years are
consi(icrai]iy  I]lorc strillgcllt than the rcquircmcnts  of 1SS or S1l{’I’I’, and arc generally beyond ilv:iilablc  technological
capabilities, ‘1’atrlc 1 contains a list of proposed missions which will require materials stable on a ppm to ppb Icvcl aIKl, wcn,
on ;1 lo”’~ Ic\’cl. I’hc 1)S rcquircmcnts  of some missions that define the 1)S as an enabling tccbnology orc listcci in Table 2.

l’ianncls t’or the intcrfcromctcrs,  tclcscopcs  and observatories listed in l’able 2 must assume that nlatcrials/structures stale-o F-ttlc-
a! t tcchnolt)gy  will improve as much as cmc-t o-two orders of nlag,nitudc  by the time of the actuai design of the instrunwnts,
‘l”hc cost, lit-c expectancy, and scientific capabilities of these missions will bc dramatically affected i)y brcakthloug,hs  in the area
of tlill]c’llsi(~rl:]lly  stable rnatcrials,
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MrIny future submic:on  or suh-ppm  dinlcnsioniil  stability rcquircmcnts  cxcccd the limits of modern technology. l’hc co]npositc
stl Ills used in the [nctcring truss of the I Iubble Space “1’clcscopc (11S’1’) is an example of large scale state-of-thc+rrt sttucturc.
Tab]c 3 lists sotnc rclcvont properties of the 11S’1’  truss. When exposed to the low Earth orbit cnvironrncnt,  the 11S”1’ ~octcring
truss is stiibl~ at the Icvcl of scvcrnl  microns only.

S~v~rill nlatcritil-related issues may bc significant if the 11S1’  metering truss design concept is considered for future missions.
‘1’his strut is made of a carbon fiber reinforced epoxy matrix composite. l’hc near ~cro CYll;  was achicvccl by the appropriate
clloicc of the fihcr volume and lilyl]p, and by rcpctitivc thermal cycling of the strut, This cycling caused microcracking  of the
L’lmxy  matrix and, most Iikcly , some ~ibcr/nu]trix  and intcrlaminar  delamination. O]IC possible rcsu]t, when heated, might be
tl)at tllc [Iuss  would not expand smoothly (at the submicron level). Many proposed missions cannot afford these types of
Im[urhations  Ano[hcr  issue is the strut length contraction on orbit duc to moisture dcsorption:

‘1’hc  entire length of the 11S’1’ metering t[uss structure contracted about 250 microns witbin the first year in orbit which Ciitlscd
ii ~hi]ll~c of focal distance’ over 25 mm, ‘1’hc average rate of this contraction; at the cnd of 1991, was 0.06 @day. While active
~ocus capahilitics  were succcssfu]ly usc on f 1S’1” and other composite bcnchcs such as J1’lt’s Wide I’icld I’lanctary  Camera, these
I’OCUS Incchonisms cnn bc costly and present a risky single point failure. Appropriate hermetic coatings for composites may both
ruducc atld slo\V cl O\VIl  t h i s  ShrillkilgC!’7 1 Inwcvcr,  hcnnctic  coatings do not eliminate inlrinsic  instability of composites that is
discllsscd lilt L? I i n  ( h i s  pilpcr.



“1’AIIIJ[  2. }’roposcd  NASA instruments and missions for which dimensionally stable materials and structures arc defined
as enabling technologies].?
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‘1’Alllr}l  3. I)intcnsiona]  Stability Properties of the Metering Truss of the 1 Iubblc Space ‘1’c]cscopc”!

Strut Gconlctl-y 1.676 m x 58.4 mm 111

Coct’ficicnt of l’hcrlnal  l;xpansion  (CT1;) 0.03 to 0.08 p@K
(low liarth O r b i t  llnvironnlcnt)

Water AlmllJtion 0.4 to 0.6 }vcigltt  ‘A

ltlongation  after ‘lhcnnal  Cycling 5 microns (3 ppm) o~’cr 30 cycles
I 3 microns (8 pprll)  over 50 cycles

1 Iyslelcsis  on Thermal Cycle 1 to 2 ppm

l)ilncnsional  stability can bc defined as a system’s ability to retain geometrical properties related to the systcrn’s  pcrfortnance
in its operational cnvironmcnl. Dimensional stability is not a sing,lc or unique material property but rather a term which
dcsc[ib~’s matc[ial  properties or responses related to specific mission requirements. As such, dimensional stability cncornpasscs
nll ii~C~~l)t[il)lC  spatial changes in any given physical property such as geometrical siz,c, mass distribution, or rcflcctcd wave front
distortions. ‘1’hcsc changes cnn bc a function of tcrnpcraturc,  time, stress, pressure, material composition and changes in
cx~lnposition inc]uding sorption and dcsor-ption,  material structure and its changes, radiation, electrical and magnetic fic]ds,
g[a~’i[atio[ml  and inertial loads. Characteristics of interest include cbang,cs  in lcnp,th, width nnd thickness (volume); chang,cs
in slmpe or form (out of plane deflections such as bcnci or twist); as well as gcornctrical optical properties of reflectors, coatings,
gra[ing)s. and ruliligs, Dimensional stability can be both a nmtcrial’s and a “system’s” ability to retain gcon]ctrical properties
[elated to the systcm or the instrument performance. Dimensional stability can depend on both the scrvicc cnvilonmcnt
(tcmlwraturc,  pressure, lorids,  radiation, etc.) as well as the nmtcrialk history (c. g., thermal hysteresis, creep, and faliguc),

I )S is not a unique mntcrial or structurtil property, For cxnrnplc,  a rcllcctor  that is }rcry stable mcchanictilly  may appear to bc



VCIY unstrrblc to an incoming beam of light. A very stabic reflector may not appear to bc stable when the clistanccs between
different poiots of its surfrrcc  arc rncasurcd,  A perfect part of a g,ravity wave observatory may be inappropriate as a prrrt  of an
inter fcromctcr. “l’his cbaptcr  describes the different mea; lings of 1)S for ctiffcrcnt apl)lications and different cnvironlncnts.

(]cornctrica] and ‘1’ol~ological Aspects of.l)ir~~ensional  _St,ability

l~uturc NASA missions will utilize dimensionally stable rnatcrials for three bro:id classes of systcrns:  optorncchanical  structures,
optical reflecting and refracting elements, and zero-gravity experiments, Structures such as optical bcnchcs  and truss systems
maintain the relative positions and orientations of critical clmncnts of the instruments. ‘l’he  primary function of optical clcmcnts
is to focus the radiation of given wavelengths. A stable zero-gravity cxpcrimcnt should not produce a chang,ing gravitational
cnvironrncnt around a proof mass. The meaning of dimcnsiona] stability is different for each of these three types of systems.

‘1’hc  dimensional stability of mcchanica] structures is cxprcsscd in the distances from onc surface to another. For mechanical
structures, dimensional chrrngcs of the order of a pcrccnt can cause warpage and buckling of structures. Charrges  in dimcr)sions
of tens of microns can cause misfits of machined parts and loss of focus in an optical imaging system. Micron lCVC1 mismatches
in the joints and trusses of astronomical instruments can cause scvcrc  vibrations and render the instruments uncontrollable.
Subrnicron  cnors  in triangulation bases can invalidate the mcasurcmcnts  of laser intcrferomctcr-type systems.

l’hc dimensional stability of an optical clcrncnt  is defined in terms of wave front crl-ors produced when light is reflected from
or transmitted through the element in question, Because of historical reasons, tbc reflective properties of an optical elcmerrt
arc often described in terms of the properties of an cquivalcllt  ideal rcfluctoi or an ideal ICI IS. By dcfillitiol~, tlw cquivtrlmt  ideal
rcftcctor  (Icns) produces the same wave front as the real optical clcmcnt that is being characterized. It can bc shown that the
wave front error description and the surface crlor of an ideal reflector description arc two equivalent descriptions. l)imcnsional
stability rcquircmcnts  of the optical system arc often expressed in tcrrns of the dimcnsionrrl  stribility of the equivalent ideal
reflector.

Real optical clcmcnts  differ significantly from ideal reflectors and lenses. Unlike the real optical clenlcnts,  idea] reflectors
(lenses) rcffcct (refract) the light only at the surface, Real rcffcctors permit light to pcnctratc  dcc]) into tbc surface lrrym. Real
reflectors can }lave scratches and irregularities that arc that do not obey the normal distribution law: cxp(-x2/20z), where x is
the wavelength of the irregularity and the cr is tbc standard deviation, When the wave front errors arc Iargc,  the shape of the
o]~tica] clcmcnt  is nearly identical to the shape of tbc cquivalcl]t ideal reflector (lens). When these cnols bccomc snlall, non-
idcal p[opcrtics  of optical reflectors rrnd Icnscs must he taimn into considctation,

‘1’hc  dimensional stability description of rcflcctivc  optical clcrncnts dcpcncls  on the wavelength of the incidclit light,
Illcctr<)rll[]g[lctic  raciiation is not reflcctcd from the top surface of a mirror but pcnctratcs  into the material. ‘1’hc  penetration
clc})th can bc as shallow as 500 A for visible light and 1]{, and as deep as several microns for sub-mm radirrtion. I’bus, wave
front crlors of tbc rcffcctcd radiation dcpcn[i orl tile avcrag,e matcriai propcr~ics  through the thickness of the surface Iaycrs of
a mirrol. Materials having a perfect surface, but ilaving defects in the material structure below the surface. \vill exhibit a
dcgracicd oi)tica] wave front!’~ Similarly, materials with au ul]cvcn surface but a unifornl  average makcui)  within the penetration
cicilth o~rcr the mirror surface can ai~pcar strrblc anLi smooti]. ‘1’bus, riirncnsional  stability ofa mirror cicpcll(is on the wavelength
of II]c  (ooi used to measure it. A similar situation exists in reporting surface roughness, where the S“l’M ami intcl fcromctcr
measured surface mughncss  crrn bc significantly different, especially for diamond turned surfaces,

I)illlcrlsional  stabi]ity of mir[ors dcpcncis  on both structural stability of tllc bulk of the rnir [or an[i the Optical  stability of the
nc.ar-sur  face Irrycrs  (including coatings). ‘1’crni>oral  changes as wcli as crlvirorunentai  factors such as tcrl)pcraturc  gradients and
Fluctuations, radiation and atomic oxygen can change the relevant propcltics  of materials near the mirror surface. If the
I,c]lc,tr:ttioll cicpth changes, the nlirror rn[ly behave aS if it were dcfonncd, An appropriate design sllouIci coupic gcometrica]]y
stal>lt 1>S substructures with optically stable ]>S surface layers and coatings.

‘1’l~c ciinlcw+ional rcquircnwnts  of gravity wave cictcctiot~-type cxi>crirllcn[s  arc dct’illc(i in terms of mass distributions and
accclcl aliens, l;or cxarnplc, rI gravity wave observatory requires suhmicron contlol of the ccntcrs  of gravity f’or all substructures
of the oi)scrvatory.  For the most part, gravity wave detection cxiwimcnts  arc not conccmcd  with surfacu iocations or surface
I-ir]ishcs. ‘1’hc stability of ~s..cijs~~~h\\t  jon_f\ll~cti\~]]s dctcrruil~es  the meaning of 1)S for this class of systcn)s  Ap}vopria[c
(Icsigns  slIoulci couple gcornctrically  stal)lc  1)S nuitcrials/structures witi] gl:lt)itilti(~l][lll}’  slablc IJS structulcs  to imtiucc  a systcm



writll the integral g,ravitatiorml stability higher than the 11S of its parts

“1’hc discussion below ctcals mostly with rncchanical dimensional stability ‘1’hc m:ijor variables that dctmninc  dilncnsiona]
stability arc: time, tcmpcraturc,  heat ftuxcs,  radiation cnvironnlcnt, and material history.

‘1’hc  stl uctural dimensional stability of instruments can bc cnhanccd by means of active controls. C)nc can design a multi-level,
multi-feedback-loop active control system that is Iirnitcd only by the accuracy of its sensors and the resolution of its actuators.
“1’hc penalties for the introduction of active controls arc higher cost, weight, cornplcxity, energy consumption, and heat
dissipation, as well as lower reliability. 1“0 make the systcrn simpler, the amount of feedback loops and the nurnbcr  of controls
arc n~inirnized.  lntrfcroroctric  sensors are replaced by sensors based on Ronchi  ruling,s, Passive triangulation bases take the
place of fully optically controlled references, sornctimcs  called “optical trusses!’ IIowcvcr,  active controls do not eliminate the
need for dimensionally stable material. Controls merely transfer the dimensional stability requirements from the entire structure
to the sensors of active control systems,

An optical intcrfcrornctcr  is the distance mcasurcrncnt sensor of choice for Iargc structures. Interferometers cm measure
submicron displacements of mirrors separated by seemingly arbitrary distances. ‘1’hc light for the intcrfcromctcr  can bc provided
by either a Iascr or a bright astronomical object, llowevcr,  intcrfcrornctric sensors need triangulation points, rcftcctors,  reflector
sui>ports  and other clcmcnts  with very stringent dimcnsiontrl  stability rcquircmcnts, sornctimcs reaching the subangstrom lCVCIS.
Thus, triangulation and optical intcrfcrormctry systcrn designs transfer dimensional stability rcquircmcnts  from long strut
structures of astronomical instruments to the optical reflectors and trirrngulation bases of the controls’ sensors. }t~ii]I1l)lCs of
these ttadcoffs  in t}~c dimensional stability rcquircmcnts for different clc]ncnts of typical astronomical instrun~cnts arc plcscntcd
below.

-Mirror  Alignmcn[ in Stellar lntcrfcronmtt~s

An intcrfcromctric  planet detection mission can usc the light of a central star to focus tbc optical systcm.  ‘1’hc  miller
arlanp,clncnt  is such that the signal from the star is canccllcd  inter fcrmnctric ally. At the same time, tbc uff-axis signal from
the planet is not canccllcd,  l’bus, a faint signal from a planet may bc dctcctablc near a bright star, Control systems arc
designrd  to minimiz,c the signal flom the star. ‘1’hc  rcquilcmcnts  for mirlor aligllrncnt in these intcrfcromctcrs  arc otlcn much
Inorc  string,cnt than tbosc of conventional tclcscopcs,

A typical intcrfcromctcr  may require that two I -rnctcr-diamctc] minors separated by 3 to 4 meters arc aligned better than 1 arc
second, lJsLIally,  this a]ignmcnt must bc maintained by dimensionally stable tlusscs or an optical hcnch. l’hc I :4 ratio of rnirlor
diamctc~  to mirror separation is typical for optical intcrfcromctcrs.  Alignment to I arc SCCOMI (= 5.10”6 rad) means that the
relative disl)lacclncnt  of tbc edges of the mirlors is Icss than 1 m . 5.10”6  = 5 }un. ‘1’his 5-n~icron  [olcrancc has to bc maintained
by the 4-n]clcr structure bctwccn the mirrors. l’bus, the relative length changes of the suppolt structure must bc maintained
with the accuracy of 5 n]icron/4  n]ctcrs,  or about I ppm. ‘1’his alignment must bc maintaincct  bot}l in a clla~lg,ing thcnnal
cnvironlncnt  nnd over the mission lifetime.

‘1’lw long tcnn passive minor alignment of intcrfcromctcrs  is vcly diff]cult  to achicvc with existing structura]  mrtcrials,  ‘1’hc
cslcnt  of these ctifficultics depends on the specifics of the mission, I~or example, on the Moon (1 .01 mission) the tcmpcraturc
variations can bc as high :is 200 K. ‘1’bus, without thermal control the 1,01 requires material uniformity of
I ppm/200  K = 5 ppb/K. A low l;arth orbit environment (S01 and AIT missions) rcquilcs  only 1 ppm/50  K=20 ppb/K
unifollnity given the A’I’=50K assumption, State-of-the-art materials cannot approach a 5 ppb/K uniformity required of
supporting truss structure csposcd  to a Iarg,c tcmpcraturc  excursion on the Moon. ‘l”hc achicvcmcnt  of 20-ppb/K  uniformity of
the struts maintained over a 5-year low Ilar[h  orbit mission Ii fctimc can bc the subject for a very strenuous I{&I)  effort.
Sigtlificant control of thermal excursions could bc cxpcctcd to relax the thermal strain allowable by at Icast onc order of
ll~ap,nitudc, yet still place considclahlc  challenges on 11S nmtcrials,

Adtli[ional  controls, Iascr intcrfcromctcrs,  and triangulation schcmcs can rc]ax rcquircmcnts  for the passive aligmncnt of the
n]i!tors. 1 lowcvcr,  [hcsc clcmcnts  introduce strict dimensional stability rcquircmcnts for a different set of clcmcnts,



I.ascr radiation can bc used to measure and adjusl the precise positions of all reflectors that comprise an :istronomical
instrument, In some instruments the relative location of two mirlors provides sufficient information for the control systcm,
Control systems for the majority of other astronomical instruments require precise mcasurcnlcnts  of several intcrmcdiatc  points.
l’hcsc systems use triringulrrtion to dctcrminc the positions of reflectors located on or around the mirrors rrnd supporting struts.
‘1’hc  triangulation base for these measurements can bc maintained either passively or by another intcrfcromctcr.

I’hc dimensional stability of the triangulation bases of some proposed interferometers (as opposed to telescopes) is beyond statc-
of-the-art technology. The error budgets generally require that the stability of the triangulation base should bc 1 to 2 orders
of maguitudc  better than that of the controlled structure. l’bus, a mechanical triangulation base (e.g., 0S1 Mission) requires
a fully exposed materials to be stable at the 0.001 -ppm ICVC1 over the integration tirnc of several minutes even after several years
in space. l’hc optical part of the triangulation base can require reftcctors  with optical dimensional stability on the lCVC1 of 1 A
(0S1 mission) or even 0.02 A (POINTS). In addition, in pure optical triangulation, the relative positions of the vcrticcs  of the
rctrorcflcctors  must be maintained with angstrom accuracy (l,unar  Interferometer, C)SI  mission, POIN’1’S).  I’hcsc optical-based
rcquircmcnts  cannot bc satisfied by present knowledge of material behavior.

.Wavc _ liront Corrections

Mirror figure imperfections limit the range of astronomical applications for a tclcscopc or an interferometer. Figure errors can
cause aberrations and reduce angular resolution. Control led scgrncntcd  al]d flexible SWOII&II y amt tcl tiary optics mrry be

introduced to compensate for wave front cnors.

Wave front correction may introduce very strict rcquircrncnts on the uniformity of the thermal 11S of the primary rnirlor, If
a nonscgmrmtcd  telescope mirror expands or contracts uniformly, only the focal length of the mirror changes, As a result, the
tclcscrrpc  is easily refocused to con]pcnsritc for this change. Ilowcvcr,  if this rnir[or expands nonuniformly, then the wavcfront
will bc distorted. in this case, changing the shape of a controlled opticrrl clement somcwhcrc furtbcr in the optical Piith may
compensate for the major distortions caused by the out-of-shape deformation. If this compensating optical clcmcnt  is segmented,
g,cncrally only 3 degrees of freedom of these segments have to be controlled, ” ~’hc major difficulty arises when the primary
minor is also scgmcntcd.”” in addition to the tilt, thermal loads may c}]ange  the curvature (i.e., focal distance) of the segments
of tl]c prirnrrry  mirror. Focal distance cor[cctions  for inciividua]  segments may be much more difficult to acbicvc, Additional
i]cturr(ors on the compensating elements may be rcqui led. l’bus, the requirements for the unifo]  mi[y of the thc[ ma] I)S may
bccomc more s[ringcnt.

.Wcight, relirrbllity, :illd_c]lqr~_sqvi~~gs  dL]~.  to.>!flblc_rl]atcritils

‘lo quantify the weight, energy, and reliability improvements which can bc realized by the il]]]}lc~l~cr]t:ltioll  of materials with
better dimensional stability we have chosen the ]:ocuscd Mission lntcrfcromctcr’” (l~MI)  as a rcprcscntativc  instrument. l’here
arc three major reasons for this choice: 1) the instrument is sufficiently WCII defined; 2) the instrument is rcprcscnt:itivc of
n Iiil-g,cr class of space based interferometers; and 3) an extensive modeling of the instrument bi(s been performed under the
Colltr(~ls/Strllctllrc  Intcriiction (CSI) program. l’his cxpcricncc with the instrument serves as a gwrrantcc  tl]at the mmlcl of the
slructulc  LIscd in this paper is not oversimplified.

‘1’IIc  nmdcl described in Fig. I is the minirniil conlplexity model that still incorporates ol>tics/strllctllrc/c(~  lltl[~l intcriictions.  I,ight
con}es ill frolll  SOIIIC  distant source. ‘1’hc  light is rctlcctcd  off a mir[or on onc body (Ilz in I(ig. 1) to a clctcctor on another body
(1{, in I’ig, 1). Body 1 is assumed to bc connected to the “g,roundv ‘1’hc mirier is c:ipable of trtinslation and rotiition, l’hc
variables of interest rrrc the lengths of the struts connecting lhc two bodies. ‘1’hc  outputs of interest arc the optical path length

. . .

“ “1’IIc  3 degrees of freedom that arc controlled include: motion hlong  (IIC optical axis  and two tilt Jnglcs  wi!h respect 10 the optical axis.  l’here are 3 more
dcgrccs  of t’rwdorr) rtlatcd  (O the  segment motion in the plane pcr]wodicultir to the qrticnl  axis of the systcni,  ~hcsc  in.plane n)ovmr)cnts  do not ir]tlucncc  the
inmgc  quisiity  as strongly as the tirst 3 degrees of freedom,

“’ hlnlcrinl for the  monotiLh minor is usually prepared in OIIC tmkh. hlatcrials for SCgIIICmS orc OIICII prcpored  in ditlcrcn( htilchcs. T h i n ,  I)ntch-wlmkh
vaI  i;ltion in mnkrial  propcrlics is math more  important for se~nlcn!cd  rcllcctors,
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and the bcan~walk on the detector. Sirnplc analysis gives the
rclationshiI~s bctwccrr  the stability of the underlying structure
and the rcquircnlcnts  of the controls rmcchanisrns. I“hcsc
relations arc then used with representative rcquirerncnts and Figure 1. ‘l”hc simplified model of the interfcromctcr.

systcn~ paran]ctcrs to illustrate the possible design options. The
details of the calculations are dcscribcd in Rcf 11.

l’hc 11’M1 was designed to have 6 sidcrostats to collect light in
3 ])tii]s. II I  tlw bWIIII  tlsril]  of circh pair WCIC a variety  o f
actuators irwludcd  for two purposes - to adjust the optical path

3 .

Icng)th when the sidcroslats  tilt (as the whole instruments tilts
to fill in the aperture); and to compensate for vibration effects I

on the optical path Icngth and wavcfront tilt. The norninrtl E
actuators LISCLI  in Ref. 10 include:

u

to.

— .  — .  — - . . .
-11 -9

,.-7 . . . . . . . . . . . .

1. 6 sidcrostats,  2 dcgrccs  of freedom.
10 10 104

IMmm.donal  Stabltlty,  m
2. 3 I[ollcys, cach consisting of

- I I’irning belt
- 1 Voice coil transnationnl actuator ]:igurc 2. Numhcr of control ]oops required to achicvc the
- 1 I’7.’I’  transnationtll  actuator I~M1 pcrfornmncc  goals for a systctn with a given passive

3. 3 P’SM’S dimensional stability of the structure.

I)LIC to (Iw nature of the design which requires accornmodrrtion  of sidcrostat tilt to fill in the aperture, an all passive syskm  dots
1101 make SCIMC.  If the dimensional stability allows for an Option II in l’ahlc 4, it is possible to clirninatc  the voice coils and

10 16

3 ?

4

.

j

—.—
10-” 10-9 

10- 7 lfis
o
Id’ 10-9 10- 7 Ids

MmcnsiorIEi Stnbiiity, m Ilimcnsionni  Stnbiiity, m

l~ip,ure 3. Mass of the required actuators for a systcm with Figure 4. Power consumption of the rrctuators required for
it gi~’cn  ixlssivc climcns  ionill sltihility of the structure. a systcrn with a given dimcnsion[ii  stribility of the structure.



E’SMS, rilthcsugl] this would require P7,T1s with somewhat more travel. ‘l’his option results in mass and power savings of 18.9kg
ancl 30\v, rcspcctivcly.  Clivcn a nominal FM] mass of 2277kg,,  and approximate 600w polvcr consumption, this option represents
savin~,s of rrbout 1°/0 and 5°/0, rcspcctivcly.  The savings might double if the required clcctrcsnics  and com~mtcr  processing
cquipnwnt arc includccl. “J’hc results of the calculations arc prcscntcd in l:ig,urcs  2.-4.

Improvements in the dimensional stability of materials may Icad to a substantial reduction of the weight of the large precision
space structures. Given the cost of $100,000 plus pcr pound for the delivery in hig,h orbits, these weight savings may pay for
sip,nificant portions of R&I) costs, An order of magnitude improvement in the state-of-the-art of passive dimensional stability
of the building blocks may bring several pcrccnt weight savings for strcrcturcs  similar to the proposed Spaccborn Intcrfcrometcr.

l)imcnsionally  stable underlying structures reduce t}lc complexity, mass, and power consumption of the control systcm,  low
complexity means higher reliability resulting in faster and less cxpcnsivc dcvclopmcnt  ancl qualification of the ncw systcm. low
power dissipation simplifies tcmpcraturc  controls, A]so, low power consumption reduces rcquircmcnts  on the power sources
rrnd ultimately rcduccs  the weight and the cost of the proposed spacecraft.

Manufacturing and prc/post  launch conditions limit the dimensional stability of materials duc to dcgassing,  absorption/desorption
(e.g., water dcsorption),  pressure variation, radiation, and other environmental factors. Moving a structure from atlnosphcric

3  ,  PPm/month

2

1

0

- 1

l:ifl~irc  5. lsothcrlna] (20 - 40 C) Temporal Ilinlcnsional  Stability of

pressure (1 atm) to the vacuum of space incrcascs the
dimensions of the part by at Icast I ppm assuming a
1[)0 (il’a elastic modulus. };lcctron,  proton rind/or
ultra vicrlct radiation cx]]osurc can change the
chemical and mechanical propcltics  of materials and
hcncc their lJS properties Chcmicnl atlcl nlicro-
structural material changes such as phase triinsitions
and gr:iin  growt}l, dcvitrification  and flee volume
relaxation, molecular cross-linking anti chain
breakage can change the dimensions and thermal
cxpansioll characteristics of components. Ili addition,
ll]ccllallic s-rcl:ltcd strcssrclax:lti  (Jll, cl:istic +iIlci}Jl:tstic
clefonnation,  cyclic lcxlcls, miclo-yields, crccp, ancl
sinlilar  phcnoIIIcna inllucncc  climcnsions  as \vell, All
these proccsscs can degrade climcnsional stability.
l~or past and future missions, thermal expansion and
contraction have been ancl \vill continue to bc a
major limiting factor i n  dilncnsional  st:ibility df
matc[ials  1 lolvcvcr, other instability nlcchanisms
will rise in inlpc)rtancc as mission scicncc objectives
push beyond State-of-the-alt. Nc\v instability
nwchanisms, unclouhtcclly,  will arise as invcstig,ations
inlo suh-ppm  Iwhavior  progress.

~1’cmporai I )inlcnsional Stabllily
ot~t(~l!~cc}}{ll~ic:ll  MatcrirrlsK’l~  (ea. 1989)

Most matcl ials S p o n t a n e o u s l y Chtingc t}lcir

dimensions over cxtcllded pcliods of time. ‘1’ypical
long tcrln temporal “1)S  of optical and

ol~l(~lllccl~[lllic:ll tll:\tcrialsf<7’12”1s ranges from several parts pcr billion per month (pplJ/n~o)  to several pp[)dnm  (I:ig. 5, 6). ‘1’bus,
dllring an average five year NASA mission, the siz,c of components can clmnp,c I’lo]n  sc\)cral to hunclrcds of p}m~. in contrast
to long term temporal 1)S, thermodynamic volume fluctuations arc examples of proccsscs that Iinlit 1)S on the millisecond

lC ‘I”cmporal  stability is the term that dcscribcs all time dependent proccsscs that Icad to changes in the climcnsions o!s c a l e

malcrials.
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IJigtrre 6. ‘1’ypical data from an isothermal (30C) temporal l~igurc 7. l:uscd silica. ‘firnc  depcndcncc  of the rate of
dimensional stability cxpcrimcnt.  Joint cxpcrirncnt with shrinkagc!4
S. Jacobs, University of Arizona, 1992.

l’hc rate of tcnlporrrl instability is not constant over time. Usually the cxpcrimcntal data shows the rates with near-cx~]oncntia]
decay that can bc dcscribcd  by at least 2 or 3 time constants. Clnc of these constants is often associated with the metrological
set-up (stabilization of the opticrrl  contacts, settling of the san~ple, etc.), l’here is usually a short and a long tcnn  time constant
associated with the temporal instability, Figure 7 shows a 2 to 4 year time cons(ant  for a fused silica!4  ‘1’hc  behavior of the lCSS
stable Silicon Carbide samples in L’ig. 6 can be dcscribcd by a 2-3 month time constant.

l)imcnsional  stability has impacts on optical systems over time scales from a fraction of a second to years. ‘1’cmporal
dimensional stability is especially important in multi-year missions. l’hc overall change in the systcn~’s  dimensions over its life
should bc WCII within the range of built-in con]pcnsation such as active focus or passive depth or focus budgets, ‘1’o qualify
a systcm for a multi-year mission, onc should predict both short and long tcrln changes in the dimensions of critical
coIIIponcnts. l:or example, feedback loops of triangulation systems for intclfcron~ctcr  nlctrology require that the relative
positions of the rcfcrcncc  points rcnmin stable ovct the integration times of several rninutcs to several hours. Controls for
precision structures bccomc very comp]icatcrt  if there is significant instability over time period of n~illiscconds.  I)iffcl-cnt tirnc
scale rcquilcvncnts lead to different design, modeling, and nlcasurcrncnt  approacbcs.

‘1’hc  thcllnal  cnvirontncnt  of a component limits its dimensional stability duc to thermal expansion, hysteresis on thermal cycling,,
anct possible acceleration of temporal din~cnsional changes, A onc tnctcr long alun]inum alloy part changes its si~,c by nearly
25 microns when its tcmpcraturc  changes by one dc.grcc (1 K). In contrast, when a simitar size 7,croctur glass ccralnic material
is hcatcct by 1 K around room tcmpcraturc,  it will change its siz,c by Icss than several nanometers, Ilowcvcr,  this same 7,crodur
j)art cxposcd to a low ]~rrrth orbit thcrnla] cycle can rcaclily change its size by scvcrol microns (l~ig.  8) after completion of the
CYCIC.  ~)11 the other hnd,  the siz.c of the alun~inum  part may not change significantly aftc.r sin~ilar  thcrn)al  cyc~it)g,  ot)vicsusly,

Ilcithcr of these nlatcrials  satisfies all 11S rcquircrncnts for all systems. I’hcrmal  history, tcrnpcraturc  uniformity, and the
rna[crial’s rwsponsc  to tcrnpcraturc changes and time rrrc rrlajor  factors that dc[crlninc  ovcra]l  dimensional stability.

“l’tic description of dimensional stability at the sub-ppm  Icvcl will require new tcrn~inology. I;or cxanlple,  Figure 9 compares
[I)c I)cbavior  of a graphite fi(>cr/altirllir~llrtl composite with ordinary aluminum. Whi]c  this con~positc was not designed for sub-
plnn ditncnsiona] stability, its behavior and the hchavior ofthc  7,crodur  sample in I~igurcs 8 illustrate several major pccllliaritics
O( l)plll and sub-ppln  dimensional stability:
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l;igurc 9 .  I’hcrnml C y c l i n g  of a Grtlphitc  Iiibcr/6061
l’igurc 8. ‘1’hclmrrl  Cycling of a Z.crodur  San\plcl! Aluminum Metal Matrix Composite @lMC) rind rrn

Aluminum Alloy!5

I’hc cxtrcmcly nonlinear, nonsymmctric expansion response as a function of tcmpcraturc  makes ascribing a coefficient of
thcnnal  expansion (C’1’l;) to this material very difficult. Any c’1’lt would be of questionable value,  since obtained values
dc})cnd on the way they were measured.
‘1’hcrmril  expansion on a ppm lCVCI can bc highly history dcpcndcnt,  “1’hcrcforc, the C’I’ll  is not strictly a material property
but is history dcpcndcnt.
1 lystcrcsis  on thcrlnal cycling can be a major variable in the dimensional s[ability  description of materials at the ppm and
sub-ppm  ]CVCI.

P’or m:iny glass, glass ceramic, ccrfirnic, and metallic mritcrials  time dcpcndant phenomena dominate 1)S properties when the
ten)]lc~il[t]rc  changes arc slow. In addition to the classical description of material expar~sion/corltraction  behavior via strain-
tcnlpcr;  lturc plots, onc must consider time-tit-tcmpcraturc effects, Most strain-tcmpcraturc  plots arc crcatcd bS ramping sample
tcnlpcl(t[ulcs relatively quickly over the range of interest. “Quick” ramping of tcmpcraturcs  is considered to bc in the 0.1 to 10
(’ pcr minuic range. 1 lowcvcr,  when expansion characteristics of the same material arc rccordcd at cffcctivc  ~amping  rotcs much
lCSS thal] 0, I C pcr minute, when it ta~cs hours to

90 ply

o ply

.1! ., .,,1.,.,1
.166 -160 -60 60 100 “WI

T@dh

I;ip.ulc 10. I,il’y’-ll]) of a “zero C-f};” composi te
:Ind i ts calculctcd t h e r m a l  cycle!’

(II’ c.xpansi{)n and contraction cannot he dcscrihcd

ramp over the tcmpcraturc range of interest, n different strain tcmpcraturc
behavior is rccordcd.  Onc way of generating such data is by changing the
sarnplc tcmpcraturc a set amount, say 10 or 25 C, and then allowing the
sample to expand / contract until the rate of change becomes unobservable
for a givcl]  cxpcrimcntal  sctup!c It can take many hours for a material to
stabiliy.e  after a set tcmpcraturc  change, All in all, describing material 1)S
behavior by a single C-H{ number for each tcmpcraturc  is not particularly
useful, especially in the sub-ppm  sty ain rcg,imc,

IJilncnsional  illstntlility.d[ lc. t(l.tllcrllltil gra!iicllts :Ind transients ill a nllllti-
I>lltlsc-rll:ltcri:ll.

Rcccnt]y, materials with a nearly  z,cro instantaneous cocf(icicnt  of thclmai
expansion over a large temperature range have bccll dcvelo]wcl  ‘1’he.sc
materials arc Usually at lCil St tlvo phtIsc materials. one ot’ thcw phases

e x p a n d s  w h e n  h e a t e d ,  w h i l e  t h e  o t h e r  p h a s e  c o n t r a c t s .  lkamplcs of these

rnatcrials rilI)gC  from glass/ccrillllics like 7,crodur to “~.cro C’I’Ii” gra]d]itc
fiber reinforced polymer composites. In the prcscncc of tl]crmiil gradients
these materials loose their “zero C’I’ll” propclty.  In addition, the d~llil  I)li CS

hy cocfl’icicnls  of Ihcrrna]  cspfinsion,



. .

F’igutc 10 shows how the simplest carbon fiber reinforced material with z.cro C’1’li is built. “1’hc fiber rcinforccmcnt  in cliffcrcnt
Iaycrs  is oriented in perpendicular direction. “1’hc flbcrs  arc much stiffer than t}~c matrix and they shrink on heating. “I”hc matrix
expands Ivhcn hczrtcd. l’bus, wbcn heated, each ply shrinks in the direction of the fibers and expands in the direction
perpendicu lar  to the flhcrs. Ciivcn some cxpcricnce,  an cnginccr can cboosc the flbcr volmnc fractions which lead to a nearly
‘(zero C’l”Ii” sandwich.

1 Icat flow through a “xu-o 0}+” composite introduces non-zero hysteretic expansion and contrtiction. When material is heated,
the tcmpcrtiture of the outer plies is higher than the temperature of the inner plies. I’hc magnitude of the diffcrcncc depends
on tbc rate of tbc heat flow and the thermal diffusivity of the composite. l’he calculations for the simplest case is a “zero Cl’l\”
composite heated from onc side at a constant rate arc presented in Fig, 10. The rate is comparable to the heating rate caused
by a sudden exposure of a two layer composite to the Sun radiation in space.

~{adiation  lnd~uccd lnstab~lity_and._C.hangcs_jrl.  the..c-fl

All dimensional properties of materials change under exJ)osurc  to ionizing radiation. Ionizing radiation changes molecular
structure and even atomic composition of matcria]s. The rncchanisms of dimensional change include defect formation, changes
in chemical bond structure, change in free volume of glasses, and nuclear reactions. Organic based rnatcrials  can change their
siz.c by several pcrccnt  when exposed to radiation lCVCIS of 107 -108rad. Hxamplcs  of such materials include fiber reinforce
composite materials. Inorganic materials, like glasses, change their dimensions by parts per million, Since many mechanisms
of dimensional change arc impurity based, the magnitude of change depends on tbc manufacturing process.
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l;ig)urc 11. Rrdirrtion induced density changes in synthetic
lxsilica,
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l’i.gurc 12. Radiation induced density cbangcs in synthetic
silica!8

l;[ichcle tind co-workcrsl*’19 have pcrfor[ncd  a large number of cxpcrimcnts  exposing different glasses to a variety of rildiation
SOUICCS, Radiation induced dimensional instability of fused silica is illustrated in Fi@,. I I and 12. While g,cncriil behavior of
fLISLSd  silica is typical for a wide range ofglasscs,  fused silica is relatively stable when exposed to ioni~.ing radiation. Imwf C’11~
glasses Iikc Z,crodur  and UI,l;  arc much Icss stable. Ilowcvcr,  even fused silica shows changes in density that can reach 30-40
p])ln Ivbcn exposed to y radirrtion as low as 104 rad, This density change translates into 10 to 15 ppm of linear dimensional
clmngc. l;ig,urcs  11 and 12 show that to dcscribc the behavior of fused silica varies greatly depending on its manufacturing
icclmolop,y

‘1’hc  pcrfonnancc  of the low CTli glasses and ceramics may dctcrioratc  during the life of the missiom  For cxamp]c, lJIiIl glass
may satisfy  the Clli and the hysteresis rcquircrncnts in the “as manufactured” state. IIowcvcr,  radiation exposure’9 of around
(1K 10“ (o 109 rad typical for a long term mission can incrcasc the C’I’IL  of the glass to I ppm/K.  “fhus, (JI.It may bccomc less
(iill]l![lsiol)iilly  stoblc than ordinary fuscct silica.



.

1 >iffcwcnt types of radirrtion introduce different dimensional instability. “1’here is a sip,niflcant difference in the mechanisms of
in[craction and defect distribution for different types of radiation, ‘1’hc  dimensional behavior induced by charged partic]cs is
complicated by the shallow penetration depth. LJnlikc y radiation, protons and electrons do not pcnctratc  deeply into materials.
ShallowJ  penetration depths lead to sharp variations of exposure (dose) as a function of depth. I’hc dose variation lead to non-
llniform damage, internal stresses, and anisotropic behavior of materials. ‘1’bus, the description of the dimensional stability is
complicated by stress relaxation and annealing phenomena.

Chemical and microstructural  material changes such as phase transitions and grain growth, dcvitriflcation  and free volume
relaxation, molecular cross-linking and chain breakage can chanp,c t}~c dimensions and thermal expansion characteristics of
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I;i.gurc 13. ‘l’-’]’ I)iagram  for clcctrolcss  nickel. l’hc diagram
shows how fast clcctrolcss  nickel crystal liz.cs at different
tclnl)craturc.s (Ref. 20)
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}:igurc 14, I)iffcrcncc  in the Cl’}; of the crystallized rind
amorphous clcclrolcss  nickcl!”

components. Organic materials and polymer matrix composites exhibit large dimensional instability duc to water sorl)tion and
dc-sorptionf The chnngcs duc to this mechanism can bc as large as several pcrccnt. IIowcvcr,  dimensional chang,cs  due to
chemical and physical changes in materials arc not Iimitcd to orgrrnic and polymeric materials. I{lcctrolcss  nickel, a material
widely used in modern optics is a very good illustration of phase transition induced instability.

I)ilncllsional changes in clcctrolcss  nickel arc caused by a transition ~ronl  amorphous to crystalline phase. “1’his transition is
associated with a volumetric changc3s that can bc as Iargc as 1.30/.,  lhc exact value depends on the chemical and structural
composition of the starting material. Thus, all cnvironrncntal conditions being equal, clcctrolcss  nickel shrinks, The rate of
this shrinkage is tcmpcraturc  dcpcndcnt. LJnlikc melting or boiling, no matter how low the tcmpcraturc  of the arnorld~ous  niclicl
phosphorous the transformations never stops, Only the rate of transformation changes.

l:i~~,ure  13 shows the tcmpcraturc  dcpcndcncc of the rate of transformation as a function of tcmpcraturc.  P’or example, a sample
of clcctlolcss  nickel left at 225C for a IO(KI hours will crystal ]iz,c. ‘fhus,  its siz.c and its Cl”f; (SCC I’ig,, 14) will change by
scvual pcrccnt. l’hc transition is gradwrl, Some of the material will crystnllbc after 5 minutes at 225C, similar anlount  of
nickel will crystallize after I year at 5(K,



All materials cxbibit some non-uniformity of dimensional stability properties. ‘l’able 5 ctcscribcs  the inbornogcnuity of thermal
expansion of common optical materials. l:igure 6 of’ this paper r.tcmonstrrrtcs  variations in temporal stability of nmtc~ials. ‘1’hc
non-uniforlnity of the 1)S properties of materials has a profound effect on passive structures that must maintain alig,n~ncnt over
a long time or over a wide range of tcmpcrrrturc  anct radiation environments. Materials with inisotropic  11S properties make
understanding of prrssivc  optomccanical  systems even more complex.

‘1’ABI  Ii 5. lhcrmal Ilxpansion  Inhornogmcity  !2

Matcriril ““ ‘“-

Aluminum 6061-1’6
IIclyllium  VIIP I-70A
}Iorosilicatc Glrrss  (Shott)
IIorosilicatc  (Ohara H-6)
P’used Quart~ (Arncrsil)
l’uscd Silica (Corning 7940)
LJ1 ,Ii
Z,crodur  (Shott)

Cl’}; at 30tiK
ppnm
23.0
11.5
3.2
3.0
0.50
0..56
0.03
0.05

Variations ofthc C’1’};
ppb/K
60 (very fcw data point)
130
30
50
5
2
4
40

isotropic ]l]atcrials tl]atarc  dir~~c]~sion:illy  stal>lco~~a 10-pI)~l]  scalccall hcal]isotro~>ic  olltl]c  s\lb-~>J~rlllc\cl.  ‘J’hcdimcnsionrrl
stability of most mctrils and metallic mirlors is anisotropic on a 1 ppm scale?’ lixpcricncc  with the polishing oflargcopticsrl
nlirlo~s stlo\vs alargct~~lt~~bcr ofdistortiol~s that arccxplaincdas “built-in stresses, ” “ surface irregularities,’’ctc, ‘1’hiscxpcricncc
can bc the first indication that nearly all rnatcrials arc somewhat anisotropic at the sub-ppm  lCVC1 of dimensionrrl  stability.

Con~posit  cn~atcrialsarctbc  n~atcrials ofcboiccforrnany  futurcmission  application sbccausc  thcyprovidc  oncofthchigbcst
ratios of stiffness-to-weight and strrmg,th-to-weight. In addition, thermal expansion properties of composite materials can bc
tailored for a particular application, IIowcvcr, composite materials arc highly anisotropic  and their dimensional stability
properties arc poorly understood.

‘1’hc anisotio])y  ofcotnpositc  materials limits the application ofcurrcnt  dimensional stability theories and measuring tccbniqucs.
‘1’bc  major diffcrcnccs  bctwccn the dimensional stability properties of composite materials and isotropic materials arc outlined
below:
- A con~positc compcmcnt  that isstablc in onc direction can bc unstable in another direction;
- Well-hchavccl properties ofthc conlpositc matrix and rcinforccmcnt  taken individually may not lead to a stable con)positc

bccausc ofthc prcscncc of interfaces;
- lllst{il~ility [ltttlc I]~:ttrix/rcitlforccnlct~ti~ltcrfaccscarlca~lschystcrcsisot}tt]crIllalcycli1~g,lot~gtcrIl~crcc]~,at~dl~llilt-illsttcsscs.

Al{ these mechanisms can c:i~lsc t}~crll~[ll, tcll~I>oral, :il~d/or ritdiatioll-il~  dllccd instability

Ncithcrthc dimensional stability ofisotropic  nor anisotropic matcrialshavc  been studied on tbc sub-pprnlci’el  to thcdcgrcc
nccdcd  for future NASA missions. ‘1’hc 1)S nwc}}~inislns such as micro-yield, tnicro-crccp, stress relaxation, plasticity,
il~icr{)strllct~lrtll change (dcvitliflcation,  phase t~ansforrnation, and grain  gtowth) n~ay bc ituidcquatc to explain sub-ppm
(iilncnsiona]  stability, Rcscrtrch  in the rrrca of sub-J>ptn ctimcnsional stability is nccdcd to define rncchanistm  of instability and
to develop materials and matcriai  systems that demonstrate 1)S  pcrfort)liincc  onc to two orders of mag,nituclc superior to the
sl[llc.-~)f-tllc-flrt,

‘1’llullirl~el]sif~il[ll  stability ofrnatcrialsancl  strtlctllrcs  isotlcol  ̀tl]cet~zllJlir) gtccll1~ologics for futurcNASA  missions. llowcver,
IIIC tccl]nology  of dirncnsionallv  strrblc materials has not been dcvclopcd to the Icvcl required for these missions. ‘1’hc C1rciit

ol]sclvatolics”  ot’ the 21’1 c e n t u r y  i n t r o d u c e  stringc]~t  rcquircn]cnts thiit have no iiI)IIlog,s in tllc a n t i c i p a t e d  il]dustriill  pr[)jccts.
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‘1’here is a need for NASA to cs~ablis}] pioneering research in the critical tcchno]ogy  area of dimensional stability.

~url cnt metrological facilities arc poorly suited for 1)S characterization of composite, precision space structures. Composites
arc the materials of choice for many future space st]ucturcs, }Iowcvcr, most modern 1)S facilities have been designed for the
cha]actcri~,ation  of conventional isotropic optical materials rather than nonisotropic composite parts. Multiaxiril, noncontact
metrology with submicron accuracy appears necessary, Ncit}wr  the rnctrolog,y  nor the technology of dimensionally stable
materials have been developed to the lCVC1 required for future NASA missions. Without an appropriate measurement capability,
the understanding of materials-related mechanisms for dimensional instability is not possible. Subsequently, without this
understanding, precision space structure design and verification is reduced to costly trial and error.

A significant dimensional stability research and development program is proposed. l’hc main goals of this program should be:
to develop nanon~ctcr-]cvc]  -accurate multiaxial  metrology; to understand the physical and chemical mechanisms of material
instability on a nanometer level; to charactcriz.e  the 1)S of selected materials; and to design and demonstrate dimensionally stable
nmtcrials/conlponcnts.

Many dimensional stability requirements of the Great Observatories of the early 2 1“’ century cannot be met by 20° century
technology. To make these missions feasible, NASA must pioneer the research and development of ultrastablc  materials and
structures.
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